We present a theoretical study of the spin-transfer torque vector and the tunneling magnetoresistance ͑TMR͒ for symmetric magnetic tunnel junctions ͑MTJ͒ using the single-band tight-binding model and the nonequilibrium Keldysh formalism. We provide a comprehensive analysis of the effect of band filling and exchange splitting of the FM leads on the bias behavior of the spin-transfer component, T ʈ , in the plane containing the magnetizations of the two magnetic layers, and the fieldlike component, T Ќ , perpendicular to this plane. We demonstrate that both components of the spin torque and the TMR can exhibit a wide range of interesting and unusual bias behavior. We show that T ʈ ͑V͒ satisfies an expression involving the difference in spin currents between the ferromagnetic ͑FM͒ and antiferromagnetic ͑AF͒ configurations, which is general and independent of the details of the electronic structure. The spin current for the FM ͑AF͒ alignment is shown to have a linear ͑quadratic͒ bias dependence, whose origin lies in the symmetric ͑asymmetric͒ nature of the barrier. On the other hand, the bias dependence of T Ќ is quadratic with d 2 T Ќ / dV 2 Ͻ 0, and it can change sign at finite bias. Finally, we show that the exchange splitting and band filling have a large effect on the bias dependence of the TMR.
I. INTRODUCTION
In recent years spin-dependent tunneling in magnetic tunnel junctions ͑MTJ͒ has become the subject of great interest because of the richness in physical properties it exhibits, and its promising applications in magnetic read heads in computer hard drives, nonvolatile magnetic random access memories ͑MRAM͒, and magnetic sensors. [1] [2] [3] The MTJ, consisting of two ferromagnetic ͑FM͒ metal electrodes separated by a thin nonmagnetic insulating barrier ͑B͒, exhibit the phenomenon of tunneling magnetoresistance ͑TMR͒, where the electrical resistance and, hence, the tunneling current depend strongly on the relative orientation of the magnetizations of the electrodes, which can change by a relatively low applied magnetic field. The TMR ratio is defined as, TMR ϵ ͑I FM −I AF ͒ I AF , where I FM and I AF are the junction currents in the FM and antiferromagnetic ͑AF͒ configurations, respectively, where I AF Ͻ I FM . Recent experiments [4] [5] [6] have shown that the TMR in crystalline Fe/MgO/Fe tunnel junctions has roomtemperature values that can exceed several hundred percent, as theoretically predicted. 7, 8 Experimental results, which consistently show a decrease in the TMR as a function of bias, are controversial and no consensus has been reached on the physics behind them. [9] [10] [11] [12] [13] [14] Several mechanisms have been proposed to explain this behavior, including inelastic spinflip scattering processes by interfacial magnon excitations, 15, 16 spin-independent two-step elastic tunneling via defect states in the insulating barrier, 17 voltage-dependent density of states at the Fermi level, 18 and the electronic structure of the FM electrodes. 12, 13, 19, 20 While in MTJ structures the relative orientation of magnetizations affects the flow of spin-polarized current, Slonczewski 21 and Berger 22 independently predicted a reverse effect. Namely, the flow of spin-polarized current in noncollinear MTJ can transfer spin angular momentum from the carriers to the ferromagnet and alter the orientation of the corresponding magnetization at sufficiently high current density, even in the absence of an applied field. This phenomenon, known as spin-transfer torque, has since been extensively studied both theoretically [23] [24] [25] [26] [27] [28] [29] and experimentally. [30] [31] [32] [33] [34] [35] A demonstration of the spin-transfer phenomenon is the current-induced magnetic switching ͑CIMS͒, which has now been confirmed in numerous experiments in MTJs. 36, 37 Thus, CIMS provides a powerful new tool for the study of spin transport in magnetic nanostructures. Moreover spin-transfer torque can drive nanoscale microwave oscillators. [38] [39] [40] While the presence of the spin torque has been unambiguously observed, its quantitative behavior in a MTJ, especially its bias dependence, has not been understood in detail and remains controversial. [32] [33] [34] [35] The spin torque can be decomposed into a fieldlike component, T Ќ , and a spin-transfer component, T ʈ , both orthogonal to the magnetization of the free FM, where the first ͑latter͒ are perpendicular ͑parallel͒ to the plane of the magnetizations of the left and right FM leads, but with different bias behavior. While experiments indicate [31] [32] [33] [34] [35] that the sign of the spin-transfer component, T ʈ , reverses sign on changing the current direction, we have recently predicted an anomalous bias behavior, 24 where T ʈ can exhibit a sign reversal without a corresponding sign reversal of the bias or even a quadratic bias dependence. Thus, there is pressing need in understanding the origin in the electronic structure responsible for the bias behavior of the spintransfer torque and its relation to TMR, in order to pave the way for new technological applications. 41 In this work, we present a comprehensive study of the bias behavior of the spin-transfer torque and the TMR, using the one-band tight-binding ͑TB͒ model and the nonequilib-rium Keldysh formalism. The purpose is to give an extended discussion of the theory presented in Ref. 24 , where we presented a brief summary of our results. Here, we provide a detailed investigation of the effect of band filling and exchange splitting of the FM leads on the bias behavior of T ʈ , T Ќ , and TMR. We demonstrate that the spin-transfer torque can exhibit a wide range of interesting and unusual bias behavior, which can be understood in terms of the dependence of the spin and charge currents on the interplay between the evanescent states of the insulator and the Fermi surfaces of the FM electrodes. On the other hand, we find that the bias dependence of T Ќ ͑V͒ is quadratic with d 2 T Ќ / dV 2 Ͻ 0. Interestingly, we find that, depending on band filling and the exchange coupling, T Ќ can change sign at finite bias. This may have important practical implications since it suggests that the interlayer exchange coupling ͑IEC͒ in MTJ may be tuned with bias. 42, 43 Finally, we show that the TB parameters may have a large effect on the bias dependence of the TMR. This paper is organized as follows: Section II describes the method used to model the MTJ and to calculate the spintransfer torques. Numerical results for the bias dependence of T ʈ , T Ќ , and TMR are presented in Secs. III A-III C, respectively. Finally, conclusions are summarized in Sec. IV.
II. METHODOLOGY
The MTJ, shown in Fig. 1 , consists of a left and right semi-infinite noncollinear FM leads, separated by a nonmagnetic insulating spacer containing N atomic layers. The magnetization, MЈ, of the right FM lead is along the z axis of the coordinate system shown in Fig. 1 . The magnetization, M, of the left FM lead lies in the x-z interfacial plane, i.e., it is rotated by the angle around the axis y ͑normal to the FM/B interfaces͒ with respect to MЈ.
The Hamiltonian for the MTJ system is described by the single orbital simple-cubic TB Hamiltonian, which is the sum of the Hamiltonian of the isolated left ͑L͒ and right ͑R͒ leads, the barrier ͑B͒, and the interaction between the left and right leads with the barrier. Namely, Here, the Greek primed ͑unprimed͒ subscripts denote atomic sites in the right ͑left͒ FM leads in Fig. 1 , respectively, the Latin subscripts denote the sites in the nonmagnetic B spacer, the last ͑first͒ site in the left ͑right͒ lead next to the left ͑right͒ interfaces are denoted by ␣͑␣Ј͒, while the first ͑last͒ site in B are denoted by a͑b͒. c ͑c † ͒ annihilates ͑cre-ates͒ an electron on site with spin , ⑀ ͑⑀ i ͒ are the spindependent ͑independent͒ on-site energies in the lead ͑bar-rier͒, and t ͑t ij ͒ is the spin-dependent ͑independent͒ hopping matrix element between sites ͑i͒ and ͑j͒ in the lead ͑B͒.
The treatment of the charge-and spin-transport properties of the MTJ is based on an extension of the Keldysh formalism 44 to the case of noncollinear magnetization between the left and right FM leads, which can be described using 2 ϫ 2 matrices in spin space. The one-electron Schrödinger equation for the spin-dependent retarded Green's function, g pq Ј , for each uncoupled region ⍀ = L, R and B, can be written as
where p and q denote atomic sites in the uncoupled region 
͑Color online͒ ͑top͒ Schematic structure of the MTJ, consisting of left and right semi-infinite FM leads separated by a thin nonmagnetic insulating barrier containing N atomic layers. The magnetization MЈ of the right FM lead is along z, whereas the magnetization M of the left lead is rotated by an angle around the y axis with respect to MЈ. The Greek primed ͑unprimed͒ letters denote atomic sites in the right ͑left͒ FM leads, respectively, and the Latin letters denote the sites in the barrier. ͑bottom͒ Schematic illustration of the potential profile, where the spin-resolved density of states in the FM leads have an exchange spin splitting of 2⌬. The ⑀ ↑ , ⑀ ↓ , and ⑀ B are the on-site energy levels of the majority and minority bands, and the barrier, respectively. The lower dashed line indicates the Fermi level in equilibrium.
⍀, k ʈ is the energy of the in-plane wave vector, k ʈ , of the Bloch state, and Î is the 2 ϫ 2 unit matrix. The quantities
describe the spin-averaged and the spin-split parts of the Hamiltonian, respectively, where
In order to reduce the set of TB parameters, we consider only nearest-neighbor ͑NN͒ spin-independent off-diagonal hopping matrix elements, which are the same for both FM leads, the barrier, and the FM/B interfaces, i.e., t ⍀ = t a␣ The retarded 2 ϫ 2 Green's function, G pq Ј , of the entire coupled system can be determined by solving a system of coupled Dyson equations of the form
which take into account the propagation of the electron across the FM-B interfaces. A similar equation can be written for the advanced Green's function, Ĝ pq , with ĝ pq being replaced with ĝ pq . Here, ĝ is the 2 ϫ 2 propagator of each uncoupled region determined from Eq. ͑6͒, and the self energies at sites a and b are
Solution of the system of coupled Dyson Eqs. ͑9͒ yields analytical expressions for Ĝ pq . For example, the spin diagonal and off-diagonal matrix elements of the advanced Green's function inside the barrier are
and
Here,
Note, that g ab is spin independent because the barrier is nonmagnetic. 45 is
where f is the nonequilibrium 2 ϫ 2 Green's function matrix for the uncoupled leads and the barrier, and the self-energy is
͑16͒
This form of self-energy arises because the perturbation of the barrier/leads interaction ͑5͒ is instantaneous. 44 Since we are interested in evaluating the spin torque on the right lead we need to determine F Ј Ј , where sites Ј and Ј R. Thus, the above equation becomes
Because the various F 's are coupled, one needs to write similar kinetic equations for F b Ј , F ␣ Ј , F ␣ Ј Ј , and F a Ј , which are of the form
͑21͒
The vanishing of the density of states of the uncoupled barrier within the energy gap, where the electron-tunneling process occurs, implies that the Green's functions inside the barrier are real,
and f pq = 0 when p , q B. The nonequilibrium Green's function matrix for the uncoupled left and right leads at local equilibrium are
where f L and f R are the Fermi-Dirac distribution function in the isolated left and right leads. Thus, the self-consistent Eqs.
͑17͒-͑21͒ become SPIN-TRANSFER TORQUE IN MAGNETIC TUNNEL… PHYSICAL REVIEW B 79, 174416 ͑2009͒
174416-3
Solving the system of linear Eqs. ͑25͒ gives
where
͑29͒
Having determined the F pq , the Keldysh Green's function is 45 
Ĝ pq
Finally, the charge and spin-current density are
respectively, where = ͑ x , y , z ͒ is a vector of the Pauli matrices. While in general the spin current is a tensor, 46 in our case only the I xy s , I yy s , and I zy s ͑see Fig. 1͒ components are nonzero because the transport is along the y direction. In contrast to the charge current, I, which is conserved across the MTJ, the spin current, I
s , is not conserved due to the local exchange field inside the FM leads, 46 i.e., ٌ · I s 0. Due to conservation of the total angular momentum, the spin current lost at an atomic site is transferred to its local magnetic moment, thereby exerting a local spin-transfer torque 46, 47 T Ј on site Ј in the right FM lead, given by
where the second equality represents the discrete form of the divergence of the spin current. The z component of
I ↑͑↓͒ is the majority ͑minority͒ charge current given by the diagonal matrix elements in Eq. ͑31͒. Note, the charge and spin-current densities Eqs. ͑31͒ and ͑32͒ are calculated in A/ᮀ and eV/ᮀ, where ᮀ denotes the interfacial unit area. Using Eq. ͑33͒, one can determine the net spin-transfer torque on the right FM lead ͑transverse to the magnetization͒, as the sum of local torques,
Here the subscripts −1 and 0 refer to the last site inside the barrier and the first site in the right FM lead, respectively. In the above equation, I ϱ,ϱ s = 0 because the components of I Ј , Ј +1 s transverse to MЈ decay to zero as Ј → ϱ. 48, 49 Thus, the total spin torque exerted on the right FM lead is simply the spin current at the I/FM interface. 46 The fieldlike, T Ќ , and spin-transfer, T ʈ , components of the spin torque on the right FM lead, shown in Fig. 1 , are along the M Јϫ ͑M ϫ M Ј͒ and M ϫ M Ј directions, respectively, where M ͑M Ј͒ are the unit vectors along the magnetization direction of the left ͑right͒ lead, respectively.
III. RESULTS AND DISCUSSION
In a recent paper we presented a brief summary of the anomalous bias dependence of the spin torque in MTJ. 24 Here we provide a fuller account of the results including the bias dependence of the TMR. We vary two model parameters, the spin-averaged on-site energy, 0 = ͑ ↑ + ↓ ͒ / 2, which controls the band filling and the exchange splitting,
The NN hopping matrix element, t = −1 eV, in all regions, B = 9 eV, the Fermi energy E F = 0 eV, and the number of barrier sites is N = 3. The choice of the parameters including the hopping matrix element provides a realistic choice for systems based on magnetic transition metals and their alloys. 50, 51 In order to increase the band filling, we believe that different class of magnetic materials should be suggested, for example, alloying Fe͑Co͒ with impurities which can fill up the majority ⌬ 1 band.
A. Voltage behavior of the spin-transfer torque
In Fig. 2 we display the bias dependence of the net spintransfer torque on the right lead, T ʈ , for = / 2, various values of ⌬ and for 0 =3,0,−3 eV, corresponding to 1/4 ͑top panel͒, 1/2 ͑middle panel͒, and 3/4 band filling ͑bottom panel͒, respectively. For the case of 3/4 filling, T ʈ increases monotonically both with bias and exchange splitting, with ͑ We would like to point out here that the discrepancies in the sign of the spin-transfer torques in the cited references, as well as in a number of theoretical works, 24, [26] [27] [28] [29] are just matters of sign convention, as was also noted in Ref. 27 . In addition, the slight bias asymmetry of the in-plane torque in Ref. 33 can be explained by the possible intervention of the minority electrons, which leads to deviation from the "halfmetallic"-like regime for which the variation in the parallel torque is always monotonic ͑symmetric͒. This is explained further in the text and is clearly demonstrated in the top panel in Fig. 6 by the curves denoted with open squares and open circles, respectively. These two curves may represent differences in observations reported in Refs. 32 and 33. Also in our previous work, 24 we did not include the curve corresponding to the half-metallic case, which was obviously symmetric in shape, similar to that reported in the ab initio calculations by Heiliger et al. 28 The mechanism responsible for the bias behavior of T ʈ can be understood by employing the generalized equivalent circuit model for MTJ, 23, 24 where the parallel component of the spin-transfer torque on the right lead has the universal form
͑35͒
This expression is general and independent of the details of the electronic structure for thick barriers. Our numerical results both for the TB model and the free-electron model ͑not presented here͒ confirm the validity of this relation for any parameter set and bias. Here,
are the spin-current densities along the direction of MЈ for the FM and AF configurations, respectively. This result is important because it reduces the calculation of T ʈ ͑͒ simply to the evaluation of spin-current densities for the FM and AF configurations, 23, 24 and is consistent with those in spin valves. 48 In order to elucidate the underlying mechanism responsible for the bias dependence of T ʈ , we display in Fig. 3 the bias dependence of I z s ͑0͒ and I z s ͑͒ for the FM ͑solid symbols͒ and AF ͑open symbols͒ orientations, respectively, for various values of the exchange splitting and for 0 = +3,0 eV, corresponding to the top and middle panels of Fig.  2 , respectively. One can clearly see that I z s ͑0͓͒I z s ͔͑͒ is an odd ͑even͒ function of bias for −1 V Ͻ V Ͻ 1 V. We have shown 24 that this different bias behavior can be understood on the basis of the Brinkman tunnel model 53 for asymmetric barriers, generalized so as to take into account both spin channels. Namely, in the FM configuration, the majority and minority electrons tunnel through a symmetric barrier but with different barrier heights for each spin channel. On the other hand, in the AF configuration, both spin channels tunnel through asymmetric barriers with the same average barrier height, but with barrier asymmetry of opposite sign. ‫ץ‬V decreases as ⌬ increases and reverses sign for ⌬ = 3 eV. Similarly, ͉
‫ץ‬V 2 ͉ decreases with increasing ⌬. In the half-metallic case ͑⌬ =3 eV͒, I z s ͑͒ vanishes identically for this bias range due to the absence of minority states available for tunneling. Consequently, the odd bias dependence of T ʈ for 0 = + 3 eV and ⌬ =3 eV arises solely from the bias dependence of I z s ͑0͒. On the other hand,
‫ץ‬V increases with increasing ⌬ for 0 = 0 eV. Thus, T ʈ is an odd function of V when I z s ͑0͒ ӷ I z s ͑͒ ͑for example in the half-metallic case͒, while the nonmonotonic behavior occurs when I z s ͑0͒ϷI z s ͑͒. The bias behavior of the spin torque for the 3/4 band filling ͑not shown here͒ can be explained similarly in terms of the interplay of the spin currents of the FM and AF configurations, respectively.
These results raise the interesting question whether T ʈ can be an even function of bias in the opposite limit where I z s ͑0͒ Ӷ I z s ͑͒. In Fig. 4 we plot the bias dependence of T ʈ for = / 2 and fixed value of exchange splitting, but different values of the spin-averaged on-site energy 0 corresponding to different band filling. Namely, both the majority and minority bands are rigidly shifted, but with ⌬ kept fixed to 1 eV ͑2 eV͒ in the top ͑bottom͒ panel. The bias dependence of the corresponding longitudinal spin currents for the FM and AF orientations, respectively, is shown in Fig. 5 , for the same values of ⌬ and 0 used in Fig. 4 . One can note that for ⌬ = 1 eV upon increasing 0 ͑decreasing band filling͒ the bias dependence of T ʈ changes from monotonic ͑ 0 =−2,0 eV͒, to nonmonotonic ͑ 0 =2,4 eV͒, and to purely quadratic ͑ 0 = 3.6 eV͒. In the latter case, I z s ͑0͒Ϸ0 ͑solid black triangles in top panel of Fig. 5͒ in this bias range, and T ʈ is solely determined by I z s ͑͒. Thus, the interplay between the odd or even bias dependence of I z ͑s͒ ͑0͒ and I z ͑s͒ ͑͒, respectively, in Eq. ͑35͒ is responsible for the bias dependence of T ʈ in Figs. 2 and 4. This competition can be selectively tuned by varying ⌬ and the band filling ͑ 0 ͒, giving rise to a wide range of bias behavior. The monotonic bias dependence of T ʈ for the case of half-filling ͑middle panel in Fig. 2͒ is due to the spin current of the FM configuration, I z s ͑0͒, which dominates over that of the AF configuration. Figure 6 displays the bias dependence of T ʈ for = / 2, for ↑ = +3 eV ͑top panel͒, 0 eV ͑middle panel͒, and −3 eV ͑bottom panel͒, corresponding to 1/4, 1/2, and 3/4 band filling, respectively, and for various values of ↓ . In contrast to Figs. 2 and 4 , where both the majority and minority bands were rigidly shifted but where either 0 or ⌬ was fixed, in Fig. 6 we examine the effect of the rigid shift of the minority band only, where both 0 and ⌬ change simultaneously. Similarly to Figs. 2 and 4 , the bias behavior of the spintransfer torque exhibits a wide range of behavior, including a purely quadratic one for ↑ = + 3 eV and ↓ = + 4.2 eV, corresponding to 0 = 3.6 eV and ⌬ = 1.2 eV. Overall, the results indicate that dI z s ͑0͒ / dV Ͼ 0 for 0 Ͻ 3.6 eV and dI z s ͑0͒ / dV Ͻ 0 for 0 Ͼ 3.6 eV, except for the case of low band filling ͑ 0 = +3 eV͒ and ⌬Ն3 eV ͑top panel in Fig. 3͒ , where dI z s ͑0͒ / dV Ͻ 0. In order to elucidate the origin in the electronic structure responsible for the bias dependence of the longitudinal spin current, I z s ͑0͒, for the FM orientation shown in Figs. 3 and 5, we plot in Fig. 7 the non-spin-polarized current as a function of the spin-averaged on-site energy level, 0 , for several bias values. Interestingly, for all biases the charge current exhibits a maximum at about max 0 = 3.6 eV, where I z s ͑0͒ vanishes also. Since the spinpolarized case can be derived from the non-spin-polarized one by adding or subtracting ⌬ to max 0 , i.e., ↑͑↓͒ = max 0 ϯ⌬, the vanishing of I z s ͑0͒ results from the fact that I is symmetric about max 0 , at least for small ⌬, yielding I ↑ ͑0͒ = I ↓ ͑0͒. This result is valid up to an exchange-splitting value at which the leads become half-metallic, i.e., 0 ϯ⌬ϾE F +6͉t͉. Figure 7 also explains the fact that for all cases with 0 Ͻ 3.6 eV ͑ 0 Ͼ 3.6 eV͒, dI z s ͑0͒ / dV Ͼ 0 ͑dI z s ͑0͒ / dV Ͻ 0͒. In order to understand the underlying mechanism responsible for the variation in the charge current, I, with 0 , we display in Figs. 8͑a͒-8͑c͒ the k ʈ -resolved charge current at E F = 0 eV and at 0.1 V bias, for three values of 0 of −3, 0, and +3 eV, respectively. Here, k ʈ is the in-plane wave vector in the two-dimensional surface Brillouin zone ͑BZ͒. Interestingly, the maximum value of the current for 1/4 filling ͑ 0 = +3 eV͒ occurs in the vicinity of k ʈ = 0, with the maximum value shifting toward the edges ͑k x Ϸ k z Ϸ ͒ of the BZ as the band filling increases to 3/4 ͑ 0 =−3 eV͒. For the case of 1/2 filling ͑ 0 =0 eV͒ the maximum current value occurs at k x Ϸ k z Ϸ 2 3 . It is important to note that the current decreases by about two orders of magnitude as the band filling increases from 1/4 to 3/4.
The variation in the k ʈ -resolved current at E F with 0 can be explained by the interplay between the electrode states at the interface and the evanescent states in the barrier. For the simple-cubic TB Hamiltonian in Eq. ͑1͒ the zero-bias transmission probability at E F = 0 eV is of the form 21, 54, 55 T͑k ʈ ͒ = ͓T int ͑k ʈ ͔͒ 2 e −2Nq y a = 4 sinh 2 q y a sin 2 k y a ͑cosh q y a − cos k y a͒ 2 e −2Nq y a ,
͑36͒
where cos͑k y a͒ = − ⑀ 0 /2t − cos k x a − cos k z a,
represents the TB analog of the generalized Julliére model for free electrons, 21, 54, 55 where the tunneling transmission factorizes into the product of two interfacial transmission functions, T int , ͑identical for a symmetric barrier͒ and the exponential decay factor associated with the barrier. The k ʈ -resolved zero-bias transmission probability at E F evaluated from Eqs. ͑36͒ and ͑37͒ is plotted in Figs. 8͑d͒-8͑f͒ for the same values of 0 of −3, 0, and +3 eV, respectively. Overall, the agreement between the k ʈ -resolved current and the k ʈ -resolved transmission probability is very good.
Since t = −1 eV in both the leads and the barrier, the exponential factor has its maximum value at k ʈ =0. On the other hand, according to Eqs. ͑36͒ and ͑37͒, the projection of the Fermi surface on the BZ allows tunneling of only certain type of interfacial states depending on 0 . These are located around k ʈ = , / 2, and 0, for 0 = −3, 0, and +3 eV, respectively, i.e., the value of ͉k ʈ ͑max͒ ͉ at which T int reaches its maximum value decreases with decreasing ͑increasing͒ band fill- 8 . ͑Color online͒ ͓͑a͒-͑c͔͒: k ʈ -resolved current in the twodimensional BZ, calculated from Eq. ͑31͒, at E F = 0, for 0.1 V bias, and for 0 of −3, 0, and +3 eV, respectively. ͓͑d͒-͑f͔͒: Corresponding zero-bias k ʈ -resolved transmission probability, calculated from the simplified Eq. ͑36͒, for the same 0 values.
ing ͑ 0 ͒. Therefore, the most favorable tunneling is for 0 = + 3 eV, since both the exponential factor and T int are maximum at k ʈ = 0. On the other hand, the density of interfacial states, N int ͑E F ͒, at E F reaches a maximum at half-filling. Consequently, the maximum value in the total k ʈ -integrated current as a function of 0 in Fig. 7 results from the interplay of N int ͑E F ͒, the maximum value of T int at ͉k ʈ ͑max͒ ͉, and the maximum of the decaying factor at k ʈ =0.
B. Voltage dependence of perpendicular spin-transfer torque
In Fig. 9 we show the bias dependence of the perpendicular component of the net spin torque, T Ќ ͑V͒, for = / 2, various values of the exchange splitting and for 0 = +3, 0, and −3 eV. We find that T Ќ ͑V͒ varies quadratically with bias, as originally suggested, but not calculated, by Slonczewski, 23 and with ͑ d 2 T Ќ ͑V͒ dV 2 ͒ Ͻ 0 for any value of band filling and exchange interaction. 24, 42 These results are consistent with those of recent experiments. 32, 33 Note, that ͑
dV 2 ͒ depends sensitively on both ⌬ and the band filling. For example, for 1/4 filling and large exchange splitting ͑⌬ =4 eV͒ ͑ d 2 T Ќ ͑V͒ dV 2 ͒Ϸ0. The zero-bias value of T Ќ ͑0͒, related to the equilibrium interlayer exchange coupling ͑IEC͒, 21 decreases monotonically ͑nonmonotonically͒ with increasing ⌬ for 3/4 ͑1/2 and 1/4͒ filling. At half-filling, T Ќ Ͼ 0 for ⌬ Ն 2 and low bias, and changes sign at larger bias, in contrast to the 1/4 and 3/4 band filling, where T Ќ remains negative for any bias. This bias-induced change of sign 42, 43 of the nonequilibrium IEC may have important practical applications in controlling the sign of the IEC via bias.
In Fig. 10 we display the bias dependence of T Ќ , for = / 2, various values of 0 and for ⌬ =1 eV ͑top panel͒ and ⌬ =2 eV ͑bottom panel͒, respectively. In all cases we find
Similarly with Fig. 9 we find that the sign of T Ќ ͑V =0͒ and the bias behavior of the IEC depend on both ⌬ and band filling.
C. Voltage dependence of TMR
One of the main well-known shortcomings of MRAM is the large decrease in TMR with applied bias voltage. The bias dependence of TMR can be expressed by a characteristic voltage, V 1/2 , at which the zero-bias TMR value is halved. A high value of V 1/2 or equivalently a slow decrease in TMR with V is desirable for device applications. 10 While earlier experiments 56 found that V 1/2 Ϸ 0.2-0.3 V, more recently higher values of V 1/2 of about 0.5-0.6 V have been reported. 57 In this section, we present the effect of the TB parameters ͑⌬ and 0 ͒ on the bias behavior of the TMR. Note that in the half-metallic case, TMR→ ϱ since I AF → 0. All figures below show the bias behavior of TMR only for V Ͼ 0 since the TMR is an even function of bias for symmetric MTJs.
In Fig. 11 we show the bias dependence of the TMR for fixed 0 = 3, 0, and −3 eV corresponding to 1/4 ͑top panel͒, 1/2 ͑middle panel͒, and 3/4 band filling ͑bottom panel͒, respectively, and for various values of ⌬. We find the wellknown result that the TMR decreases with increasing bias. This can be seen more clearly in the insets of Fig. 11 , where the TMR normalized to its low-bias value, TMR͑V͒ / TMR͑V Ϸ 0͒, is plotted versus bias. This is consistent with previous theoretical 17, 18 and experimental 9-13 re- sults. For fixed 0 , the TMR increases ͑note the logarithmic scale for the TMR͒ with increasing ⌬ due to the decrease in I͑͒, in contrast to the more complex dependence of T ʈ with ⌬ shown in Fig. 2 . Thus, we find that the TMR and spintransfer torque are not correlated. The TMR increases as ⌬ 2 ͑exponentially͒ for small ͑large͒ values of ⌬. At half-filling ͑ 0 =0 eV͒, the normalized TMR decreases weakly with bias, independently of the value of ⌬ with a high value of V 1/2 Ӎ 1 V, which is about twice the experimental value for clean MTJs. On the other hand, for 1/4 and 3/4 band filling ͑top and bottom panel insets of Fig. 11͒ , there is a weak ͑sharp͒ decrease in the normalized TMR with increasing bias for ⌬ of 1 eV ͑2 eV͒, where V 1/2 is about 1 V ͑0.2 V͒, respectively. Thus, these results suggest that for symmetric ideal TMJ without disorder and in the absence of magnon excitations, the 1/2 filling is the optimum value for achieving high values of V 1/2 , which are also robust with respect to variations in the exchange splitting.
In Fig. 12 we show the bias dependence of TMR for fixed value of ⌬ and different values of 0 , corresponding to different values of band filling. For small exchange splitting, ⌬ = 1 eV, the TMR is about of the same order of magnitude for any value of 0 and decreases weakly with bias as can be seen clearly in the inset, thus yielding large values of V 1/2 Ϸ 1 eV. On the other hand, for ⌬ = 2 eV, the TMR decreases by several orders of magnitude with increasing ͑de-creasing͒ 0 ͑band filling͒. Furthermore, the normalized TMR decreases sharply with bias for any 0 , yielding low values for V 1/2 Ϸ 0.2 V, in agreement with earlier experiments. 56 Thus, as for the case of the spin-transfer torque, the TMR and its bias behavior can be selectively tuned with the exchange splitting and the band filling.
IV. CONCLUSION
In conclusion, we have employed out tight-binding electronic structure calculations and the nonequilibrium Keldysh formalism to study systematically the effect of exchange splitting and band filling on the bias behavior of the fieldlike, T Ќ , and spin-transfer, T ʈ , components of the spin torque, and the TMR in symmetric MTJ. We find that both components of the spin-transfer torque and the TMR exhibit a wide range of interesting and unusual bias behavior.
We predict a nonmonotonic bias dependence of the spintransfer component of the torque, contrary to the general consensus, where T ʈ may change sign without a sign reversal in bias or current, and it may even have an unexpected quadratic bias dependence. By generalizing the equivalent circuit in Refs. 23 and 24 using angular-dependent resistances, we show that T ʈ satisfies an expression involving the difference in spin currents between the FM and AF configurations. The spin-current density for the FM ͑AF͒ alignment is shown to have a linear ͑quadratic͒ bias dependence, whose origin lies in the symmetric ͑asymmetric͒ nature of the barrier. The interplay of the spin currents for the FM and AF configurations is the key underlying mechanism that leads to a rich behavior of the STT on bias. It should be emphasized that the nonmonotonic bias behavior is not associated with the simple TB model; other systems with more complex electronic structures can also show this behavior, provided that the condition I z s ͑0͒ϷI z s ͑͒ is satisfied. On the other hand, we find that the bias dependence of T Ќ is purely quadratic, T Ќ ͑V͒ = T Ќ ͑V =0͒ + ͑ consistent with recent experiments. 32, 33 The zero-bias value of the IEC, T Ќ ͑V =0͒, and d 2 T Ќ / dV 2 depend both on the exchange splitting and the band filling. Interestingly, at or close to half-filling and for large exchange splitting T Ќ ͑V͒ changes sign at finite bias, which suggests that the IEC in MTJ may be tuned with bias. The TMR is found to decrease with increasing applied bias voltage but is not correlated with the bias behavior of the spin-transfer torque. The characteristic voltage, V 1/2 , at which the zero-bias TMR value is halved can be selectively tuned with the exchange splitting and the band filling. The half-filling is the optimum value for the single-band TB model for achieving high values of V 1/2 , which are also robust with respect to variations in the exchange splitting.
